Mice and humans lacking the caveolae component polymerase I transcription release factor (PTRF, also known as cavin-1) exhibit lipo-and muscular dystrophy. Here we describe the molecular features underlying the muscle phenotype for PTRF/cavin-1 null mice. These animals had a decreased ability to exercise, and exhibited muscle hypertrophy with increased muscle fiber size and muscle mass due, in part, to constitutive activation of the Akt pathway. Their muscles were fibrotic and exhibited impaired membrane integrity accompanied by an apparent compensatory activation of the dystrophin-glycoprotein complex along with elevated expression of proteins involved in muscle repair function. Ptrf deletion also caused decreased mitochondrial function, oxygen consumption, and altered myofiber composition. Thus, in addition to compromised adipocyte-related physiology, the absence of PTRF/cavin-1 in mice caused a unique form of muscular dystrophy with a phenotype similar or identical to that seen in humans lacking this protein. Further understanding of this muscular dystrophy model will provide information relevant to the human situation and guidance for potential therapies.
Introduction
Muscular dystrophies (MDs) are a group of diseases of variable severity that are caused by mutations in a relatively large number of different genes, which cause progressive loss of muscle function (1) . Most of the mutated genes causing MDs are involved in sarcolemmal functions, the maintenance of membrane integrity, and/or communication with the extracellular matrix (2) . Two such MD genes, caveolin-3 (CAV3) (3, 4) and polymerase I transcription release factor (PTRF) (5) (6) (7) (8) , encode protein components of cell surface domains called caveolae in humans and mice (Cav3 and Ptrf).
Caveolae are small flask-shaped invaginations of the plasma membrane that play important roles in a number of cellular processes, and the most recent evidence documents their role in organizing and stabilizing the plasma membrane in many different cell types including skeletal muscle cells (9) (10) (11) (12) . Proteins required for caveolae formation include caveolin-1 (Cav1) for nonmuscle tissues (most abundant in adipocytes, endothelium, and lung), Cav3 for skeletal and cardiac muscle, and PTRF/cavin-1 for caveolae in all cells/tissues. Additional members of the cavin family, cavins-2-4, appear to influence caveolae structure in a more restricted fashion (12) . Caveolae are abundant in the sarcolemma of skeletal muscle where they play important roles in muscle physiology, as is best documented by evidence from rodent models of caveolae deficiency and from the phenotype(s) of human caveolopathies (4, 13) .
Cav3 null mice have mild-to-moderate myopathic changes, including variability in muscle fiber size and the presence of necrotic fibers (14) , as well as muscle degeneration (15) . In humans, mutations in the CAV3 gene cause a number of different muscle pathologies depending on the mutation, including autosomal dominant limb-girdle muscular dystrophy 1C (LGMD1C), rippling muscle disease, hyperCKemia, and myalgia (16) . More recently, human mutations in PTRF have been reported and they result in congenital generalized lipodystrophy type 4 (CGL4), a rare autosomal recessive disorder characterized by near total absence of body fat (5, 7, 8, (17) (18) (19) (20) . While CGL4 is the defining pathology of these patients, they also exhibit MD and cardiac abnormalities including arrhythmias that can be fatal.
The involvement of caveolae components in human muscle disease emphasizes their importance in muscle function, both mechanically and metabolically. We have described aspects of the metabolic phenotype for PTRF/cavin-1 global KO mice, the equivalent to humans with null mutations in this gene. Like humans, these mice have a markedly reduced fat mass, dyslipidemia, insulin resistance, and glucose Mice and humans lacking the caveolae component polymerase I transcription release factor (PTRF, also known as cavin-1) exhibit lipo-and muscular dystrophy. Here we describe the molecular features underlying the muscle phenotype for PTRF/cavin-1 null mice. These animals had a decreased ability to exercise, and exhibited muscle hypertrophy with increased muscle fiber size and muscle mass due, in part, to constitutive activation of the Akt pathway. Their muscles were fibrotic and exhibited impaired membrane integrity accompanied by an apparent compensatory activation of the dystrophin-glycoprotein complex along with elevated expression of proteins involved in muscle repair function. Ptrf deletion also caused decreased mitochondrial function, oxygen consumption, and altered myofiber composition. Thus, in addition to compromised adipocyte-related physiology, the absence of PTRF/cavin-1 in mice caused a unique form of muscular dystrophy with a phenotype similar or identical to that seen in humans lacking this protein. Further understanding of this muscular dystrophy model will provide information relevant to the human situation and guidance for potential therapies.
intolerance (21, 22) . Lo et al. recently described altered skeletal muscle morphology in PTRF/cavin-1 null mice and in zebra fish having a muscle-specific cavin-1 knockdown (23). They showed an essential mechanoprotective role of caveolae in maintaining sarcolemmal integrity in skeletal muscles under conditions of enhanced membrane tension. In the present study, we investigated the effects of cavin-1 deficiency on skeletal muscle biochemistry and physiology, including muscle growth, mitochondria function, and myofiber composition. Our findings show that PTRF/cavin-1 null mice develop a muscular dystrophic phenotype similar to the clinical features observed in human patients with PTRF mutations. Therefore, these animals represent a valuable tool for understanding caveolae function in skeletal muscle at a molecular level and for developing potential therapeutic approaches for human patients.
Results
Cavin-1 null mice develop muscle hypertrophy. Mice lacking cavin-1 show muscle hypertrophy, as shown for the entire hindlimb muscle in Figure 1A . The total body weight of cavin-1 KO mice was not significantly different than that of WT animals despite the significant reduction in fat mass (see also refs. 21, 22) . Thus, we measured muscle weights in isolated tibialis anterior (TA), extensor digitorum longus (EDL), soleus, gastrocnemius and plantaris (G/P), and heart, and the mass of all muscles except the TA was significantly increased in cavin-1 KO mice as compared with WT ( Figure 1B ). This difference was even more pronounced with age when the total body weight of the KO mice is approximately 20% less than that of WT (Supplemental Figure 1 ; supplemental material available online with this article; https:// doi.org/10.1172/jci.insight.91023DS1). Morphometric and histological examination revealed increased fiber size, quantified as mean cross-sectional area (CSA), that was 25% higher in KO mice as compared with WT mice (Figure 1, C and D) . Centrally nucleated muscle fibers were quantified in soleus from WT and KO mice. Of the total muscle fibers, 10.5% in cavin-1 KO mice were centrally nucleated compared with 0.4% in WT mice ( Figure 1E ), and this phenomenon is characteristic of muscle regeneration in response to disease or injury. MyoD is the master regulator of myogenesis and muscle development (24) and its expression was the same in WT and cavin-1 KO mice ( Figure 1F ), indicating that the lack of caveolae does not affect this process. As expected from the previously reported results of whole-muscle analyses (22) , loss of cavin-1 resulted in pronounced loss of Cav1 and Cav3 proteins in all of the muscle types we tested ( Figure 1F ). We also examined the mRNA expression of genes encoding several myogenic markers. Expression of Myog (which encodes myogenin) and Myf6 was slightly upregulated in soleus (Supplemental Figure 2A) , but not in G/P muscles of KO mice (Supplemental Figure 2B ). There was no change in mRNA levels of other myogenic markers, such as Pax7 and Myf5, which is consistent with the normal MyoD expression in KO mice. In addition, in WT mice, among TA, EDL, soleus, and G/P muscles, the highest cavin-1 protein expression was observed in soleus muscle ( Figure 1F and Supplemental Figure 3 ), which may explain the most marked morphological change indicated by the largest number of centrally nucleated myofibers in soleus muscle of cavin-1 KO mice.
Muscle hypertrophy in cavin-1 null mice is associated with constitutive Akt activation. Muscle growth and the maintenance of skeletal muscle structure are positively regulated by the IGF-1/Akt signaling pathway. Activation of the Akt pathway by IGF-1 results in increased protein synthesis and hypertrophy via mTOR (25) (26) (27) . We therefore compared expression of a number of relevant species in WT mice and their null littermates, and as shown in Figure 2A , the basal phosphorylation state of Akt, and other Akt signaling pathway downstream factors such as p70S6k, 4EBP1, and S6 were all increased in the cavin-1 KO mice as compared with WT, indicative of constitutive activation of Akt. Increased phosphorylation of p70S6k, S6, and 4EBP1 was consistent with activation of mTOR, which results in increased protein synthesis.
We also measured the downstream response to IGF-1 administration in vivo in paired littermates as shown in Figure 2B and found that Akt and other downstream mediators of IGF-1 all showed enhanced phosphorylation due to the growth factor in WT mice. In KO mice, the response to IGF-1 was minimal, despite the basal phosphorylation state of Akt and the other targets being as high or higher in the cavin-1 null animals as in the stimulated state in WT. Quantification of the Western blots showed that with IGF-1 stimulation, the ratios of p-p70S6K to total p70S6K increased 69% in WT muscle and 10% in KO muscle compared with the ratios at basal status (P < 0.001). Changes in p-S6/total S6, p-4EBP1/total 4EBP1 and p-Akt/total Akt all suggested relatively lower response to IGF-1 in KO mice. To confirm that the Akt pathway was constitutively activated, we immunoprecipitated Akt from muscle lysates of KO and WT mice and confirmed that the in vitro kinase activity towards a glycogen synthase kinase-derived (GSK-derived) peptide was indeed elevated when the kinase was obtained from the cavin-1 null animal ( Figure 2C ). The blots in Figure 2C also indicate increased basal phosphorylation of Akt and GSK in whole lysates from the same muscle samples, consistently suggesting an activated Akt pathway. Quantitative real-time PCR (q-PCR) analysis showed that the mRNA level of Igf1 was upregulated in cavin-1 KO mice, while Mstn, which encodes myostatin, a negative regulator of muscle growth (26, 28) , was diminished in the cavin-1 null muscles, consistent with its role in inhibiting muscle hypertrophy. We also examined 2 muscle atrophy genes which encode Atrogin-1 and MuRF-1 (29) and they were not significantly altered ( Figure 2D ). Figure 3 . Data are represented as mean ± SEM. Two-tailed Student's t test was used for comparison between WT and KO mice. *P < 0.05, **P < 0.01, ***P < 0.001.
Cavin-1 null muscles display abnormalities in membrane integrity and muscle repair. The most common forms of MD result from mutations in the dystrophin-glycoprotein complex (DGC) and result in disruption of links between the extracellular matrix and the actin cytoskeleton and compromised sarcolemmal integrity (30, 31) . We examined the protein contents of DGC components in WT and KO mice, and unlike the downregulation of DGC members seen in common MDs such as Duchenne muscular dystrophy (DMD) (32, 33) or the normal expression of these proteins observed in Cav3 null muscle (14) , cavin-1 KO mice showed markedly elevated DGC protein levels, namely β-dystroglycan and α-sarcoglycan ( Figure 3A) . Similarly, the cytoskeletal proteins α-actin, β-tubulin, and vimentin were all dramatically upregulated, as were the membrane repair proteins MG53 (34) and dysferlin (35) . Lastly, the proteins involved in muscle excitation-contraction coupling, such as dihydropyridine receptor (DHPRα2), a marker of the T-tubules, and ryanodine receptor (RyR1), a of ratios of p-p70S6K/p70S6K, p-S6/S6, p-4EBP1/4EBP1and p-Akt/Akt, under IGF-1 stimulation compared with the ratios at basal status, respectively (n = 4-5 for each group from 3 independent experiments). (C) Representative Akt kinase assay from WT and KO tibialis anterior muscle. Akt was immunoprecipitated from muscle lysates and incubated with substrate and the kinase activity was measured using anti-phospho-GSK3α/β to detect phosphorylation of glycogen synthase kinase (GSK) peptide (Akt substrate, 27 kD). The protein levels of total Akt, p-Akt, total GSK, and p-GSK in whole lysates of the same muscle samples were also detected in parallel in separate gels. The experiment was replicated 3 times. (D) mRNA expression levels of atrophy marker genes Atrogin-1 and MuRF1, and of important muscle growth regulator genes myostatin (Mstn) and Igf1 as measured by quantitative real-time PCR (n = 5-7). Data are represented as mean ± SEM. Bonferroni's multiple comparison test (B) or 2-tailed Student's t test (D) were used to determine the statistical significance between WT and KO mice. *P < 0.05, **P < 0.01, ***P < 0.001. marker of the junctional sarcoplasmic reticulum, were also increased in the KO mice ( Figure 3A ). To examine whether cavin-1 depletion affected the localization of DGC members, immunofluorescence analyses were performed. The data showed that dystrophin and β-dystroglycan were still present along the sarcolemma of fibers from KO mice, and their expression was markedly higher, as might be expected from the protein amounts ( Figure 3B ). In addition, very mild intracellular accumulation of these proteins was observed in KO myofibers, indicated by a slight but significant increase of intracellular fluorescence intensity (Supplemental Figure 4 ). Serum creatine kinase (CK) levels are an additional indication of muscle injury and membrane integrity and elevated serum CK levels are used clinically to diagnose MD (36) . We observed 3-fold elevated serum CK levels in KO mice ( Figure 3C ), also consistent with impaired sarcolemmal integrity.
Cavin-1 null muscles are fibrotic and show impaired regeneration. We previously reported that cavin-1 deficiency in mice caused fibrosis in the caveolae-rich organs, such as fat and lung (21, 37) . In skeletal muscle, fibrosis is a major pathological hallmark of chronic myopathies in which myofibers undergo successive rounds of degeneration and regeneration, resulting in a diminished reparative capacity accompanied by fibroblast proliferation and deposition of collagen and other extracellular matrix proteins (38, 39) . To determine if cavin-1 null skeletal muscle is fibrotic, we measured total collagen and observed a roughly 2-fold increase in these proteins ( Figure 4A ). As shown in Figure 4B , Masson's trichrome staining confirmed that collagen levels were elevated in the muscle fibers of cavin-1 null mice. In accordance, the mRNA expression of the fibrosis regulator TGF-β was also markedly increased with cavin-1 deletion ( Figure 4C ). Lastly, we analyzed the gene expression of various collagens as well as vimentin (Vim) and fibronectin (Fn1), which are fibrosis-related genes. As determined by q-PCR, the mRNA levels of collagen 6 isoforms in particular were significantly elevated in cavin-1 null muscles ( Figure 4D ) as were those for fibronectin and vimentin.
We observed a marked number of muscle fibers with centrally located nuclei in cavin-1 null mice ( Figure 1 , C and E), suggesting that cavin-1 is involved in skeletal muscle regeneration. To confirm this, we induced acute muscle injury and regeneration in mice by injecting cardiotoxin (CTX) into the TA muscle. As shown in Figure 4E , within 3 days after CTX injury, both WT and KO mice exhibited extensive myofiber degeneration, indicated by the necrosis of myofibers and the loss of muscle architecture. By day 7 following CTX injury, most injured myofibers were cleared and replaced by regenerated myofibers with centralized nuclei in both WT and KO mice, although there were more adipocytes present in the latter. On day 14 following CTX injection, muscle architecture was largely restored in both were used to determine the statistical significance. *P < 0.05; ***P < 0.001.
genotypes, suggesting that the absence of cavin-1 does not completely prevent muscle regeneration per se in the short term. However, fatty infiltration was clearly shown in cavin-1 null mice, as confirmed by the marked Oil Red O staining ( Figure 4E ), indicating impaired regeneration following acute injury, which is associated with disruption of muscle integrity and function (38) .
Cavin-1 null mice have reduced muscle exercise capacity and exhibit defective skeletal muscle mitochondrial respiratory activity. We exercised mice and also measured their grip capacity to determine if the ablation of cavin-1 led to changes in muscle performance, as has been observed in humans lacking functional cavin-1 protein (5, 7, 8, 17). We subjected mice to treadmill running, and found that cavin-1 null mice indeed ran shorter F) were used to determine the statistical significance. *P < 0.05; **P < 0.01; ***P < 0.001. distances (277 m vs. 388 m) and for less time (1,138 seconds vs. 1,383 seconds) than WT mice, indicative of muscle abnormalities ( Figure 5A) . A forelimb grip strength test showed mild but statistically significant decreases for this parameter in cavin-1 null mice ( Figure 5B ). Treadmill exercise requires aerobic capacity, and we therefore measured the oxygen consumption rate (OCR) in isolated soleus muscle fibers from WT and KO mice using an Oxygraph system (Hansatech Instruments). The absence of cavin-1 resulted in significant declines in ADP-stimulated state 3 respiration ( Figure 5C ). The enzyme citrate synthase (CS) is involved in the first step of the TCA cycle and its activity is commonly used as a quantitative enzyme marker for the mitochondria intactness and aerobic capacity (40) . CS activity in muscles of WT and KO mice was analyzed, and as shown in Figure 5D , CS activity in cavin-1 KO mice was reduced by 25% as compared with WT mice, consistent with a reduced mitochondrial content.
We investigated by q-PCR the possibility that changes in mitochondrial function in cavin-1 null mice could be due to changes in gene expression levels for those genes involved in oxidative phosphorylation. The data in Figure 5E show that many of these genes were indeed downregulated, including those encoding proteins involved in the different mitochondrial respiratory chain complexes (Ndufa9 in complex I, Sdhd in complex II, Cytc in complex III, and Cox5a in complex IV). Except for genes encoding estrogen-related receptor α (ERRα), the expression of mitochondrial regulatory genes, mitochondrial transcription factor A (MtfA), and nuclear respiratory factor 1 (Nrf1) was unchanged in KO mice. The genes related to fatty acid oxidation, such as Ucp3, Mcad, Lcad, and Scd1 were significantly suppressed, whereas interestingly, the D) were used to determine the statistical significance. *P < 0.05; ***P < 0.001. expression of Ucp2 was dramatically increased ( Figure 5F ). We then performed immunostaining of muscles for mitochondrial enzymes in the gastrocnemius muscle. The intensities of both succinate dehydrogenase (SDH) and cytochrome oxidase (COX) staining were attenuated in cavin-1-deficient muscles ( Figure 5G ), further indicating decreased mitochondrial energetic activity. We confirmed reduced protein levels for mitochondrial protein expression by Western blot as shown in Figure 5H , and these also occurred in different respiratory chain complexes: SDHA in complex II, as well as Cox5a and CoxIV in complex IV. Consistent with q-PCR results, Western blots also showed marked increase in UCP2 protein levels ( Figure 5G ). The increased content of UCP2 has been reported to be associated with reduced skeletal muscle lipid utilization (41), and we confirmed the mRNA data with protein expression. Interestingly, we also found a slight increase in peroxisome proliferator-activated receptor gamma coactivator 1α (PGC1α) protein levels in KO muscle, though the mRNA levels remained unchanged (data not shown), which could be explained as a compensatory effect in response to decreased oxidative capacity. We also evaluated mitochondrial DNA (mtDNA) copy number by q-PCR with primers for Nd1 (mitochondrial gene) and Tfam (nuclear gene). The data show significantly decreased mtDNA, which is consistent with the decreased CS activity, indicating decreased mitochondria number ( Figure 5I) .
Cavin-1 null mice have altered skeletal muscle fiber types. Skeletal muscle is composed of a spectrum of different fibers which range from slow-twitch oxidative type I, fast-twitch oxidative type IIa to fast-twitch glycolytic type IIb and type IIx, and the expression of myosin heavy chain (MHC) isoforms is used to classify fiber types (42) . In general, the slow-twitch type I fibers predominantly rely on oxidative metabolism and contain a high mitochondrial content, compared with fast-twitch type II fibers. To examine whether the absence of cavin-1 alters muscle fiber-type composition, we analyzed MHC isoforms in various muscles from 12-week-old mice. q-PCR analysis revealed that in G/P muscles ( Figure 6A ) and soleus muscles (Figure 6B) , type IIa MHC (MHC-IIa) significantly decreased, the levels of MHC-IIx and MHC-IIb remained unchanged, while type I MHC (MHC-I) showed an increasing trend, suggesting that loss of cavin-1 caused alteration in fiber-type composition, which could affect the muscle contractile function. A similar pattern of mRNA expression was also observed in TA muscles (data not shown). We also analyzed muscle fibertype composition from adult mice by immunostaining against MHC-I ( Figure 6C ) and by metachromatic ATPase staining ( Figure 6D ). Similar to the MHC-I mRNA results, there was no statistically significant difference between WT and KO muscle, although we observed a slightly increasing trend in the percentage of type I fibers in cavin-1-deficient muscle.
Discussion
The biochemical properties of PTRF/cavin-1 null skeletal muscle shown herein describe a unique form of MD in the general class of MDs caused by sarcolemmal protein defects (2) . PTRF/cavin-1 in the context of caveolae was first described as an abundant peripheral membrane protein called cav-p60 that is highly expressed in fat and muscle caveolae -the sarcolemma in the latter case (43) . It was later shown to be identical to PTRF (44) and to be essential for the formation of caveolae (22, 45, 46) . Ptrf null mice lack caveolae in all tissues examined, including skeletal muscle, and are lipodystrophic with a moderate insulin-resistant phenotype (21, 22) . A number of studies have appeared describing humans lacking functional caveolae due to inactivating mutations in the PTRF gene (13) . These patients, numbering about 30 and present in several families worldwide, were described as having a primary phenotype of CGL4, but all have myopathy/ MD of varying severity consistent with the general picture of the CGL phenotype. Other than a description of the patients and some muscle histology, little information is available concerning the underlying mechanism(s) that lead to the phenotype, the exception being that muscle hypertrophy could be a result of constitutive Akt activation seen in skeletal muscles from certain patients (5) . Activation of the PI3K/Akt signaling pathway is a key regulator of skeletal muscle hypertrophy and mediates hypertrophic response in both dystrophin-and sarcoglycan-deficient mice, which are models for DMD and LGMD, respectively (47) . IGF-1 induces Akt activation and is an upstream stimulator of muscle growth (27) . Here we show that Akt in PTRF/cavin-1 null skeletal muscle is in fact constitutively activated in the KO mice, comparable to levels seen with IGF-1 stimulation in WT mice ( Figure 2) . As in humans, most muscles of the PTRF/ cavin-1 null mice are hypertrophic and multinucleated due in part to Akt activation.
Caveolae play a role in organizing cell surface membranes and in protecting them from mechanical and osmotic stress, amongst other proposed biochemical roles (9, 11). It is therefore not surprising that their lack in cavin-1 null mice disrupts the skeletal muscle sarcolemma, similar to what occurs in the most common types of MD that are due to deficiencies/mutations in dystrophin and other DGC components (48) . The resultant muscle is mechanically fragile, and this damage provokes a regenerative response of muscle satellite cells that eventually becomes a chronic inflammatory response and causes pathology including fibrosis (Figures 3 and 4) . The overall phenotype we observed fits this pattern of multinucleated, mostly hypertrophic muscle fibers that are fibrotic, but other biochemical features appear unique to the PTRF null phenotype.
The DGC forms a link between the intracellular cytoskeleton and the extracellular matrix and maintains sarcolemma mechanical stability. Loss of any of the protein components of the DGC complex in MD leads to loss of the other components and causes sarcolemmal instability and initiates downstream pathological processes and progressive muscle dysfunction (2, 30, 31) . On the other hand, we see an upregulation of the DGC components in the cavin-1 null mice (Figure 3 ), but the cause of MD and dysfunction is likely the same as in DGC deficiency, namely, loss of membrane stability. Consistent with this interpretation, there is an increased expression of proteins involved in membrane repair such as dysferlin and MG53, which have been postulated to facilitate vesicle translocation to the sites of membrane injury, and are involved in assembling a repair complex made up of caveolin-3 and PTRF/cavin-1 (34, 35, 49, 50) . In common with other MDs, there are increased levels of circulating CK due to its leakage from myofibers. In addition to the dramatic, apparently compensatory increase in the expression of DGC components, we observed enhanced expression of cytoskeletal proteins, tubulin and vimentin, also an apparent compensation for lack of or compromised cytoskeletal-extracellular matrix linkage. These data are all consistent with loss of caveolae leading to an altered sarcolemmal organization and decreases in skeletal muscle function as assessed directly by aerobic exercise and strength determination.
Given the pleiotropic nature of the PTRF/cavin-1 null phenotype -muscle hypertrophy, membrane damage, and fibrosis -the functional deficiencies of strength and endurance are rather mild but in line with those of the dystrophin-deficient mouse (48, 51) . A compensatory increase in muscle respiration might be expected, as a further compensation to maintain muscle function as has been proposed to account for the loss of calcium in MD. This is not the case, however, as cavin-1 null mice have a reduced respiratory capacity in their muscle and show deficiencies at the gene-expression level in numerous protein components of the mitochondrial respiratory chain and a significantly reduced number of mitochondria ( Figure 5 ). In addition, histochemical staining for SDH and COX activities indicated that oxidative capacity is decreased in myofibers of KO mice. On the other hand, the enhanced muscle regeneration and increased fiber size in the KO mice might at least partially explain their relatively mild functional defects.
Cavin-1 null muscles display alterations in myofibers with distinctive contractile and metabolic properties. The q-PCR data suggested that the absence of cavin-1 significantly suppressed the type IIa myofiber genes, whereas there was an increasing trend in type I fiber genes. ATPase staining and fluorescence immunohistochemistry against MHC-I also suggested a slight increase in type I fibers. However, this tendency of fast-to-slow myofiber shift seems incompatible with the mitochondrial dysfunction implicated in cavin-1-deficient muscle, since type I fibers are believed to have higher oxidative enzyme activity and be more resistant to disease or damage than type II (fast-twitch) fibers (42) . Although the exact mechanism underling this discrepancy and whether or not the fiber-type changes in KO muscle are secondary to the general phenotype are unclear, there are several possible explanations. One possibility is that the decrease in type IIa myofiber contributed the most to the decreased oxidative capacity in KO muscle, rather than type I fiber. It has been reported that the soleus muscles of mice had predominantly fast-oxidative type IIa fibers, followed by the slow-oxidative type I fibers, and very low percentages of glycolytic IIx/IIb types (52) . Moreover, IIa and many IIx fibers could have a higher SDH activity than type I fibers in mouse and rat muscle (53) . Thus, the abnormal oxidative capacity in a mouse model could be due to a significant decrease in type IIa fibers, rather than changes in type I fibers. Nevertheless, a slight increase in type I fibers could be a compensatory protective mechanism against the muscle weakness caused by mitochondrial dysfunction. Similar fiber-type switching toward type I has also been observed in DMD (54) .
An interesting contrast exists between cavin-1 and Cav3 null mice, both of which lack muscle caveolae and have MD. In the latter model, the expression of DGC components is essentially unchanged, although the complex is excluded from lipid raft domains and the T-tubule network is disorganized (14) . Also, mice with Cav3 deficiency exhibit muscle atrophy, which was rescued by myostatin inhibition (55, 56) . In contrast, our data show that most skeletal muscle fibers were hypertrophic in mice lacking cavin-1. Muscle hypertrophy is also characteristic of human PTRF/cavin-1 deficiency (5, 8) . In addition, hypertrophic cardiomyopathy has been reported in human CAV3 mutations (57) and in Cav3 null mice (58) , as well as in cavin-1 null mice (59) . It should be noted, however, that while PTRF mutations in mice and humans result in total loss of protein, most (or all) human CAV3 mutations encode altered proteins that are expressed and can act in a dominant-negative fashion, causing alterations/loss of caveolar structures. Thus, the phenotypes of mice and humans with CAV3 mutations cannot be directly compared with each other or with PTRF/cavin-1 loss. The latter causes a universal loss of caveolae, whereas the former only affects muscle.
Therefore, there are more secondary consequences for the PTRF/cavin-1 null genotype in other tissues as compared with the CAV3 mutations, which lead to a particular and uniquely complex form of MD. The lipodystrophy caused by caveolae loss in fat cells due to PTRF/cavin-1 loss was already noted (21) , and this results in an altered pattern of adipokine production. Adipokines affect other tissues in various ways including skeletal muscle where adiponectin, for example, enhances insulin sensitivity (60) . There is also a further potential effect of PTRF/cavin-1 deficiency, namely that owing to its caveolae-independent function in the regulation of ribosomal RNA levels that has been demonstrated in adipocytes, which are terminally differentiated cells that require efficient ribosomal function for adequate cell nutrition (61) . Whether or not this regulation applies to skeletal muscle is in the process of being experimentally addressed. To this end, generating muscle-specific PTRF/cavin-1 KO mice would also be beneficial for determining the physiological role of cavin-1 in postnatal skeletal muscle. In conclusion, the similarities in skeletal muscle abnormalities in KO mice and in human patients indicate that cavin-1 plays a critical role in maintaining normal muscle shape and function. The cavin-1 KO mice could be used as a powerful model to explore the potential involvement of caveolae in human muscle disease, to elucidate mechanisms underlying MD, and to provide promising therapeutic insights for CGL.
Methods
Animals. The cavin-1 KO mice were created as described on a C57BL/6N × sv129 genetic background and backcrossed for at least 8 generations with the C57BL/6N lineage (21, 22) . All animals were generated from breeding of cavin-1 heterozygous mice. The animals were maintained in a pathogen-free animal facility at 21°C under a 12-hour light/12-hour dark cycle with access to a standard rodent diet. The mice were food deprived but provided with water for 4 hours prior to experimental procedures. For tissue harvesting, mice were sacrificed under CO 2 anesthesia, and tissues were rapidly taken and immediately frozen in liquid nitrogen and stored at -80°C until biochemical analysis, or they were immediately fixed for histology and immunohistochemistry.
Muscle histological and immunofluorescence analyses. Muscle tissues from WT and cavin-1 null mice were isolated, and fixed with Z-Fix (Anatech Ltd.), embedded in paraffin, sectioned, and stained with H&E or Masson's trichrome, or quickly frozen in isopentane cooled in liquid nitrogen. Sections (8 μm thick) were obtained from the middle portion of frozen muscle and processed for histological and immunofluorescence analysis. Oil Red O staining and SDH and COX staining were performed at the Tufts Animal Histology Core (Tufts University, Boston, Massachusetts, USA). Metachromatic ATPase staining was performed as described previously (62) . The fiber CSA and the number of centrally nucleated fibers were determined for H&E-stained sections from 4 animals/genotype (> 800 cells/genotype) using ImageJ software (NIH).
For immunofluorescence histochemical analysis, frozen sections were fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100/PBS, and incubated with specific primary antibodies followed by secondary antibodies, then detected with immunofluorescence microscopy (Nikon deconvolution wide-field epifluorescence system). The following primary and secondary antibodies were used at the indicated dilutions: laminin (Sigma-Aldrich, catalog L9393, 1:30), β-dystroglycan (Leica Biosystems, catalog NCL-b-DG, 1:100), dystrophin (Leica Biosystems, catalog NCL-Dys, 1:50), MHC-I (Sigma-Aldrich, clone NOQ7.5.4D, 1:100), Alexa Fluro 594-conjugated goat anti-mouse IgG (Invitrogen, catalog A11032, 1:200), and Alexa Fluro 488-conjugated goat anti-rabbit IgG (Invitrogen, catalog A11034, 1:200). The fluorescence intensity was analyzed using ImageJ software.
CTX injury. CTX (50 μl of 10 μM) from Naja mossambica mossambica (Sigma-Aldrich) was injected into the TA muscle under general anesthesia. As a control, 0.9% saline solution was injected into the contralateral extremity. For muscle regeneration analyses, mice were sacrificed at days 3, 7, and 14 after injection, and TA muscle was excised and frozen in isopentane cooled to -165°C in liquid nitrogen. H&E staining and Oil Red O staining were performed on cryosections.
Treadmill analysis. Mice were assimilated for treadmill running in a chamber interfaced with gas analyzers (Oxymax, Columbus Instruments) for 3 consecutive days. Daily exercise duration was 10 minutes, which progressed from a stationary position at a 10° incline to a speed of 10 m/min, allowing the mice to assimilate to handling and running on the treadmill lane. After 3 days of assimilation, the exercise tolerance of the mice was determined by a stepwise progressive test, during which the mice initially ran at a speed of 10 m/min and a 10° incline for 3 minutes. The speed of the treadmill was increased by 2 m/min every 2 minutes until they were unable to avoid an electrical shock grid at the back of the treadmill for 5 consecutive seconds, at which time the electrical stimulus was turned off. The running time and running distance were recorded.
Forelimb grip strength test. An automated Grip Strength Meter (Columbus Instruments) was used to measure muscle strength of 10-to 12-week-old cavin-1 null and WT mice. Forelimb grip strength was automatically recorded in real time with a digital force-gauging apparatus. Seven readings achieved by each mouse were recorded and with the highest and lowest number excluded, and the average of the remaining 5 readings was considered as the final grip strength.
IGF-I treatment. Mice under anaesthetization were injected with 50 μl of 50 μg/ml recombinant IGF-I protein (Sigma-Aldrich) into the TA muscles, and the contralateral TA muscle was injected with 50 μl of saline. Both muscles were removed 15 minutes after the injections and immediately frozen in liquid nitrogen (63) .
Assays. Collagen content in the muscles was determined using a Sirius Red Collagen Detection kit (Chondrex Inc.) according to the manufacturer's instructions. Briefly, 25 mg of hindlimb muscle tissues from WT and cavin-1 KO mice was extracted in acetic acid, and then incubated with Sirius Red solution. The absorbance was read at 546 nm. For CK, sera were collected and analyzed immediately without freezing. CK activity assays were performed with a commercial kit (Stanbio CK Liqui-UV Test, Stanbio Laboratory) according to the manufacturer's instruction. The absorbance was read at 340 nm. Akt activity was determined with Akt Kinase Assay Kit (Cell Signaling Technology). Briefly, Akt was immunoprecipitated from 400 μg of muscle lysates, and incubated with a GSK-peptide substrate. Kinase activity was measured using an anti-p-GSK3α/β (Ser21/9) antibody (included in the kit) to detect phosphorylation by Western blot analysis.
CS activity was measured in soleus muscle homogenates from WT and cavin-1 KO mice as described previously with some modification (64) . Muscle was homogenized on ice in 0.1 M Tris buffer containing 0.1% Triton X-100. The homogenates were frozen under liquid nitrogen and thawed 4 times to disrupt the mitochondria. The assay system contained 0.1 M Tris-HCl (pH 8.5), 0.1 mM 5,5′-dithiobis(2-nitrobenzoate) (DTNB), 0.31 mM acetyl-CoA, 0.5 mM oxaloacetate (OAA), and 5 μl of muscle homogenate in a total volume of 200 μl, and the reaction was initiated with OAA. The rate of DTNB reduction before the OAA addition was subtracted from the rate after OAA addition. The color change was monitored at a wavelength of 412 nm at 25°C. The CS activity was normalized to the total protein content and is reported as nanomoles per milligram protein per minute.
High-resolution respirometry of permeabilized muscle fibers. Respiratory activity was assessed in soleus fiber bundles using an Oxygraph system (Hansatech Instruments) as described by De Palma et al. (65) . Fibers from soleus muscle were prepared in ice-cold BIOPS (50 mM K + -MES, 20 mM taurine, 0.5 mM dithiothreitol, 6.56 mM MgCl 2 , 5.77 mM ATP, 20 mM imidazole, 10 mM Ca-EGTA buffer, pH 7.1), and then permeabilized in 2 ml of BIOPS solution containing 50 μg/ml saponin by gentle agitation for 30 minutes at 4°C. After rinsing for 10 minutes in ice-cold mitochondrial respiration medium (MiR06; 110 mM sucrose, 60 mM K-lactobionate, 0.5 mM EGTA, 3 mM MgCl 2 , 20 mM taurine, 10 mM KH 2 PO 4 , 20 mM HEPES, 1 g/l BSA, and 280 U/ml catalase, pH 7.1), the muscle fibers were weighed and added to the Oxygraph respiratory chamber. Respiration was measured in MiR06 at 37°C. With 1 mM ADP, in the presence of 5 mM malate and 5 mM pyruvate, coupled respiration is maximally stimulated. Respiration rates are expressed as pmol O 2 /s/mg dried fiber.
Quantification of mtDNA content. DNA was extracted from soleus muscle using a DNeasy Blood & Tissue Kit (Qiagen). mtDNA content was determined by q-PCR analysis. The levels of NADH dehydrogenase 1 (Nd1, mitochondrial gene) were normalized to the levels of transcription factor A, mitochondrial (Tfam, nuclear gene) to evaluate the mitochondria number. The primer sequences can be found in Supplemental Table 1 .
q-PCR. Total RNA was isolated from indicated tissues with TRIzol reagent (Invitrogen) and the cDNA was synthesized using a Reverse Transcription System (Promega). q-PCR was performed with the ViiA7 detection system (Applied Biosystems) using Fast SYBR Green Master Mix (Applied Biosystems) according to the manufacturer's protocol. Gene expression levels were normalized to 36B4. The primer sequences can be found in Supplemental Table 1 .
Western blot analysis. Protein was extracted using RIPA lysis buffer and the concentration was determined using a Pierce BCA protein assay kit (Thermo Fisher Scientific). The tissue homogenates were run in SDS-PAGE and proteins were transferred to PVDF membranes. After blocking with 10% nonfat dry milk in PBST, the membranes were incubated with primary antibodies and then horseradish peroxidase-conjugated secondary antibodies (Sigma-Aldrich). Chemiluminescent signals were developed with enhanced chemiluminescence reagents (PerkinElmer), followed by detection using a Fujifilm LAS-4000 Image Analyzer.
Antibodies against the following proteins were used: dysferlin (catalog NCL-Hamlet) and α-sarcoglycan (catalog NCL-α-SARC) from Leica Biosystems; SDHA (catalog 5839S), cytochrome c (catalog 4272), GSK-3α/β (catalog 5676), phospho-GSK-3α/β (Ser21/9) (catalog 9327), 4E-BP1 (catalog 9644), phospho-4E-BP1 (Ser65) (catalog 9451), S6 ribosomal protein (catalog 2217), phospho-S6 ribosomal protein (Ser235/236) (catalog 2211), phospho-p70S6 kinase (Thr389) (catalog 9206), Akt (catalog 9272) and phospho-Akt (Ser473) (catalog 4060) from Cell Signaling Technology; Cox4 (catalog sc-58348), Cox5a (catalog sc-376907), UCP2 (catalog sc-390189), MyoD (catalog sc-760), PGC1α (catalog sc-13067), vimentin (catalog sc-32322) and P70S6K (catalog sc-230) from Santa Cruz Biotechnology; TRIM72 (MG53; catalog PA5-19398) and RyR1 (catalog MA3-916) from Thermo Fisher Scientific; Cav-1 (catalog 610059) and Cav-3 (catalog 610420) from BD Biosciences; DHPR α2 (catalog ab2864) from Abcam; and α-actin (catalog GTX101362) from GeneTex.
Statistics. Data are presented as means ± SEM. The significance of differences between groups was evaluated using 2-tailed unpaired Student's t test or Bonferroni's multiple comparison test where appropriate. A P value less than 0.05 was considered significant. The statistical analyses were carried out using Prism 7 (GraphPad Software).
Study approval. All animal studies were performed in accordance with the guidelines and under approval of the IACUC of Boston University.
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